A molecular monitoring strategy was developed to detect prevalence of two enterococcal surface protein genes (esp-1 gene and esp-2 gene) in isolates of enterococci from recreational waters in Hawaii as evidence of human sewage contamination. The sensitivity and specificity of the methods were evaluated in selected environmental samples including human sewage, ocean water samples near a sewage outfall, shoreline coastal beach waters, ambient soil samples and ambient streams not known to be contaminated with sewage. The results of this study show that the esp-1 and esp-2 genes are highly associated with enterococci from sewage sources as compared to non-point sources. Therefore these esp genes show promise as good indicators of sewage contamination. However, more sensitivity and specificity of esp genes are needed.
INTRODUCTION
The United States Environmental Protection Agency (USEPA) has established recreational water quality standards based on limiting concentrations of enterococci from 33 to 35 CFU/100 ml for fresh and marine waters (USEPA 2003) . In the application of current water quality standards, it is assumed that the source of enterococci is from point source discharges of human sewage and therefore many human enteric pathogens would also be present (USEPA 1999) . However, this assumption is not valid because the method to enumerate enterococci from water does not identify the species or sources of enterococci. To address this problem, the microbial source tracking (MST) program, more appropriately defined as fecal source tracking (FST), has been established to unequivocally ascertain if a particular feces type or host source in ambient water samples comes from human or some animal species (Scott et al. 2002; Field & Sadmapour 2007) . In reality, there are three levels of human risk to water borne transmission of diseases related to three general sources of faecal indicator bacteria or FIB (E. coli, enterococcci). The highest level of risk is related to FIB, which multiplied in intestine of humans because all other human enteric pathogens can also grow in human intestines. Medium risk is related to FIB, which multiplied in animal intestines because only a limited number of some human pathogens such as E. coli 0157:H7 and Cryptosporidium are known to multiply in intestines of some animals.
Low risk is related to FIB which multiplied under environmental conditions (soil, plant, sediments) because most human pathogens such as viruses and protozoa cannot grow under environmental conditions. The presence and multiplication of environmental sources (soil, plant, sediments) of FIB have been reported to be a pervasive problem in tropical regions of the world, especially in the state of Hawaii (Byappanahalli & Fujioka 2004) .
detection of an adhesin-type enterococcal surface protein (esp), which was reported to reflect the human host contribution. Although the test for this esp-1 gene was reported to be a specific marker of human faecal pollution, it was concluded that using this test alone was not sensitive enough for an environmental monitoring study because esp-1 gene was reported to be present in only a small sub-population of Enterococcus faecium in human sewage isolates. Since, Enterococcus faecalis and E. faecium are the two predominant Enterococcus species in faeces of humans and animals, the identified need was to develop an assay to detect human specific esp genes found in both of these species. In this regard, Shankar et al. (1999) had reported another esp-2 gene linked to enhanced virulence, which was detected in human clinical isolates of E. faecalis and E. faecium. As a result, a robust monitoring strategy was developed to detect prevalence of esp-1 gene and esp-2 gene in isolates of enterococci from recreational waters in 
MATERIALS AND METHODS
All water and soil samples were obtained from the island of Oahu, state of Hawaii. The location of the ocean water sites near the sewage outfall, the coastal beach sites and upstream and downstream sites are shown in Figure 1 .
Enterococci were recovered from water samples and enumerated according to USEPA method 1600 (USEPA 2000) . Presumptive enterococci colonies were confirmed as enterococci by basic biochemical tests such as gram positive cocci, catalase negative, aesculin positive, growth at 458C and in 6.5% NaCl as described in Standard Methods (APHA, AWWA, WEF 1998). Enterococci colonies were identified as E. faecalis using PCR test following the method of Dutkan-Malen et al. (1995) . Archived soil isolates, previously identified as E. faecalis using Biolog ID system (Fujioka & Byappanahalli 2001) were also confirmed by the PCR test. The method as described by Scott et al. (2005) was used to detect esp-1 and esp-2 genes from membranes containing enterococci colonies or from purified E. faecalis isolates following an enrichment or growth step (3 hrs at 418C) in brain heart infusion broth (Difco, Sparks, MD). For esp-1 gene, the primers as reported by Scott et al. (2005) were used and primers as reported by Shankar et al. (1999) were used to assay for esp-2 gene. A schematic of the methods used to process water samples for enterococci and to assay for esp-1 and esp-2 genes is depicted in Figure 2 .
RESULTS AND DISCUSSION
The strategy to detect presence of esp-1 and esp-2 genes in isolates of enterococci as evidence of human sewage contamination was initiated to overcome the limitation of the cultural methods of enterococci, which do not provide information related to identifying the species and source of the enterococci colonies. The first set of samples represents sewage effluent because this sample is usually used as positive sewage source. The results in Table 1 show that all of the 19 single isolates of enterococci recovered from sewage and identified as E. faecalis were negative for esp-1 gene whereas 13/19 (68%) of these same isolates were positive for esp-2 gene. These results confirmed that the When environmental water samples are monitored, the membrane filtration method is generally used to enumerate the concentrations of enterococci. The colonies of enterococci on these same membranes are allowed to grow for three hours (Materials and Methods) before the PCR test for presence or absence of esp-1 and esp-2 genes in these samples is completed. The second set of samples represents ocean water samples near the Sand Island Ocean Sewage outfall. Since, the sewage outfall is the only known source of enterococci in this area, the enterococci recovered from these ocean water samples can be assumed to be from human sewage. The results (Table 2) show that 9/10 (90%) of the membrane filters with levels of enterococci ranging from 24 -100 colonies per membrane were positive for the esp-1 gene whereas 10/10 (100%) of these samples were positive for the esp-2 gene. These results show that assays for esp-1 and esp-2 genes are good indicators of sewage contamination.
The third set of samples represents two coastal beach sites not known to be contaminated with sewage. One site (Makaha Beach) was selected to represent a coastal beach, which is susceptible to land-based discharges from a nearby stream. The second site (Sunset Beach) represents coastal water site, which is not impacted by stream or other landbased run-off. The results (Table 2) show that all six membrane filters from Makaha Beach containing between 11 and 100 colonies of enterococci were negative for esp-1 and esp-2 genes. Only 1-2 colonies of enterococci per membrane were recovered from Sunset Beach water samples. After enrichment, these two membranes were also determined to be negative for esp-1 and esp-2 genes.
These results indicate that esp-1 and esp-2 genes are not highly associated with land-based or non-point sources of enterococci.
The fourth set of samples represents freshwater stream, which is the primary source of land-based discharges to 
coastal waters. As reported previously (Fujioka 2001) , these streams routinely contain elevated levels of enterococci that greatly exceed the recreational water quality standard of 33 enterococci/100 ml. Moreover, the primary source for these elevated concentrations is environmental (soil), where they have become established as minor soil microbial population (Byappanahalli & Fujioka 2004) . The upstream sites are characterized as non-urbanized areas whereas the downstream sites are characterized as highly urbanized areas, where storm drains from nearby communities also discharge into streams. The results (Table 2) isolates of E. faecalis, recovered previously from ambient soil samples (Byappanahalli & Fujioka 2004 ). None of these 
Positive control-3 p þ þ þ p Positive controls are DNA recovered from membranes containing enterococci from three ocean water samples near sewage outfall and previously determined to be positive for esp-1 and esp-2 genes.
E. faecalis isolates from soil carried esp-1 and esp-2 genes (Table 3) . Taken together, these results generally support the conclusion made by Byappanahalli & Fujioka (2004) that the source of most of the enterococci in Hawaii's streams is soil (environmental multiplication) rather than from faeces of human or animals. However, streams that flow through highly urbanized area of the city of Honolulu receive storm drain run-off from nearby communities and may contain some human and animal sources of enterococci.
SUMMARY AND CONCLUSIONS
A molecular monitoring strategy was developed to detect two genes (esp-1, esp-2) associated with human sources of E. faecalis and E. faecium in tropical recreational waters in the state of Hawaii. Most (68%) of isolates of E. faecalis from sewage were shown to carry esp-2 gene but none carried esp-1 gene. These results confirm the specificity of esp-1 gene in E. faecium and support our conclusion that a robust monitoring test for markers of sewage contamination in enterococci from environmental waters must include assays for esp genes in both E. faecium (esp-1 gene) and
E. faecalis (esp-2 genes). When membranes containing unidentified enterococci colonies from ocean samples near a sewage outfall were tested, 90% was positive for esp-1 gene and 100% was positive for esp-2 gene. These results
show that both assays are sensitive in detecting sewage but suggest that the esp-2 gene assay may be more sensitive. As a result, the assay for esp-2 gene may be more sensitive but may be less specific for human sewage sources of enterococci than esp-1 gene. A recent study by Harada et al. and organic matter. In conclusion, the first identified need is to develop a culture medium, which can specifically identify and enumerate the numbers of E. faecalis and E. faecium colonies on the recovery membrane. This kind of culture medium will provide data needed to determine when to use the esp tests and will result in esp data, which can be reliably used to compare results obtained from one sample with another sample. Another identified need is to determine the prevalence of esp-1 and esp-2 genes in E. faecium and E. faecalis isolates recovered from human, animal and environmental sources from different parts of the country. This kind of information is required before reliable conclusions can be made when enterococci isolates from different sources and from different parts of the country are assayed for these esp genes. These improvements are needed before the esp gene assays in enterococci isolates can be considered a feasible, sensitive, specific and reliable test to detect sewage contamination in recreational waters throughout the world.
